Somatostatin 28 (S-28) is a peptide produced in the intestinal tract which rises in the circulation during nutrient absorption. We tested the hypothesis that S-28 regulates B-cell function by (a) studying the effects on insulin secretion of "physiologic" infusions of S-28 and (b) measuring insulin responses during elevated nutrient-stimulated endogenous S-28 levels. (a) Synthetic S-28 was infused on separate days into six healthy men at rates of 25 and 50 ng/kg per h which mimicked postprandial levels. Subjects were given a bolus of glucose (0.1 g/kg) after 120 min. Insulin responses during S-28 infusions were compared to a control study using a saline infusion in the same individuals. Glucose-stimulated insulin secretion was inhibited during the infusion of 50 ng/kg per h S-28 when compared to control (P < 0.05). (b) Insulin secretion during elevations of endogenous S-28 was studied in healthy men who received a bolus of 2.5 g arginine (n = 14) or 25 U of secretin (n = 8) 120 min after swallowing 50 g fat, or, on a separate day, an equivalent volume of water. S-28 levels rose significantly after fat ingestion but did not change after water. Arginine and secretin-stimulated insulin secretion was inhibited following ingestion of fat compared with intake of water (P < 0.05). Arginineenhanced glucagon secretion was not changed by fat ingestion. We conclude that elevations in plasma S-28 levels, occurring during the postprandial state, attenuate B-cell secretion and this peptide may be a physiologic modulator of nutrient-stimulated insulin release.
Introduction
It has been established that cells in the pancreas and gastrointestinal tract synthesize pro-somatostatin (pro-S)' from which are derived two biologically active products, somatostatin 14 (S-14) and somatostatin 28 (S-28) (1-3). The processing of pro-S is tissue-specific with D cells in the pancreas and stomach and some enteric neurons synthesizing S-14 and specialized intestinal epithelial cells producing S-28 (4) (5) (6) . Although recent work has provided evidence that S-14 acts as a paracrine mediator of gastrin secretion in the stomach and glucagon secretion in the pancreatic islet (7) (8) (9) , no physiologic role for S-28 has yet been proven.
Several studies have documented a rise in somatostatinlike immunoreactivity after nutrient intake (10) (11) (12) (13) , and fat has been shown to be the most potent nutrient stimulus to somatostatin-like immunoreactivity release (12, 13) . We have recently reported that, in healthy men, ingestion of a mixed meal results in a two-to threefold rise in S-28, without changes in S-14 (14) . These data suggest that nutrients, particularly fat, stimulate intestinal epithelial cells to release S-28, and we postulate that this peptide may act as a hormone.
In pharmacologic amounts, both S-14 and S-28 suppress glucagon and insulin secretion (15-17). However, S-28 is the more potent inhibitor of pancreatic B cells and binds to them more avidly than to A cells (15, 18, 19) . Conversely, S-14 binds to and inhibits A cells preferentially (15, 19) . Pancreatic D cells are interspersed with A cells in the islet mantle, an anatomical arrangement well suited to paracrine regulation. Because islet blood flow is outward from the B-cell core to the A and D cells on the periphery (20, 21) , it is unlikely that secretion ofS- 14 by pancreatic D cells influences B-cell function significantly. It is possible, however, that B-cell function is affected by circulating S-28 and that the rise in concentration of S-28 after a meal is involved in enteroinsular regulation.
We have observed that, when perfused through the isolated rat pancreas in concentrations similar to those found in postprandial humans, S-28 preferentially inhibited the glucosemediated first phase of insulin secretion with no effect on the second phase (Ensinck, J. W., unpublished observation). Therefore, we have used this finding to examine the hypothesis that S-28 is a hormonal mediator of B-cell function by measurement of first-phase insulin secretion under two conditions: (a) infusion of S-28 in physiologic concentrations and (b) elevation of endogenous S-28 by the ingestion of fat.
Methods

Subjects
Six healthy men, aged [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Blood was taken at 117, 118, 120, 122, 125, 130, 145, and 160 min, and samples were processed for measurement of plasma levels of insulin, glucagon, and S-28.
Plasma measurements
Blood was collected in heparinized tubes and centrifuged immediately after withdrawal, and the plasma was removed. To prevent proteasemediated destruction of S-28, aliquots were acidified to pH 3 by addition of 1 N HCI (0.1 ml/ml plasma) and stored at -20°C. S-28 levels were measured as described previously (14) . Briefly, acidified samples were passed through octadecylsilyl silica cartridges (SepPak C-18, Waters Associates, Milford, MA), and plasma proteins and enzymes were removed by serial washing with absolute methanol and deionized water. Adsorbed peptides were eluted with 80% methanol, 1% trifluoroacetic acid solution, air-dried, and reconstituted in 130 mM borate buffer. The sample was then applied to a column of agarose coupled with partially purified immunoglobulins selectively binding the NH2 region of S-28. The column was washed with 130 mM borate buffer in which S-14 and pro-S were eluted. S-28 bound to the immunoadsorbent was eluted with 0.2 N HCI and 0.2% BSA (Miles-Pentex, Kankakee, IL), pH 3.5, lyophilized, and dissolved in 130 mM borate buffer.
Reconstituted samples were assayed for S-28 concentrations by radioimmunoassay (RIA) using an antiserum (AS-10), recognizing both S-14 and S-28. Assays were carried out in 130 mM borate buffer with the antiserum diluted to 1:100,000 using Tyr-1II125I-S-14 as tracer. Free and antibody-bound labeled peptides were separated by addition of I ml of 1% activated charcoal (Norit A, Eastman-Kodak Co., Rochester, NY). Values were obtained by comparison with the displacement of an S-28 standard. The measurements were corrected for recoveries of 50% when passed through the SepPak and immunoadsorbent (14) . Plasma concentrations of S-28 after infusions of synthetic S-28 were measured by passing acidified plasma through SepPak cartridges and assaying the reconstituted peptides by RIA with AS-IO using a standard curve generated by S-28. Recoveries of S-28 from SepPak were 78% (14) and the measurements were appropriately corrected. Insulin and glucagon levels were measured by previously published methods (22, 23 
Results
Somatostatin-28 concentrations after oralfat. The concentrations of S-28 before and after intake of 50 g of fat in healthy men are shown in Fig. 1 . Mean plasma levels of S-28 rose from a baseline of 20 pg/ml to a peak of 56 pg/ml at 90 min that was sustained for the ensuing 90 min. The mean rise in S-28 concentrations at 120 min was 35 pg/ml (P < 0.05 compared with basal).
Effect of infused S-28 on insulin secretion. Plasma S-28 concentrations during the infusions of saline and S-28 in six men are shown in Fig. 2 . The increments in S-28 achieved with the 25 and 50 ng/kg per h infusions bracketed the range of S-28 levels attained after the ingestion of 50 g of fat.
The mean values at 50 ng/kg per h were stable at -40 pg/ml above basal throughout 180 min, whereas, during the infusion with 25 ng/kg per h, the levels oscillated between 10 and 25 pg/ml above preinfusion levels.
Basal insulin concentrations (60-120 min) were not different during the infusions of saline or S-28. The mean insulin responses (n = 6) to bolus injections of glucose during the saline and S-28 infusions are shown in Fig. 3 . There was a decrease in mean insulin responses during both S-28 infusions. The 50 ng/kg per h dose, which resulted in plasma S-28 levels comparable to those seen after fat intake, caused a significant decrease in insulin secretion (P < 0.05). Fig. 4 shows the relationship between the incremental changes in S-28 concentrations resulting from the S-28 infusions, and the differences in glucose-stimulated insulin secretion compared with the saline infusion. There was a significant correlation (r = -0.69; P 80 r Effects offat intake on arginine and secretin-stimulated insulin secretion. Mean plasma concentrations of insulin and glucagon throughout both the fat and water study periods for the arginine protocol are displayed in Table I . Postabsorptive values of insulin and glucagon were not different during the 2 d of study (data not shown). Basal concentrations of insulin and glucagon rose after fat intake to levels significantly greater than those after water ingestion. S-28 concentrations increased significantly after the fat (mean increment at 120 min was 21 pg/ml) but did not change after water (Table I ).
In Figs. 5 A and 6 are shown the mean arginine-stimulated insulin and glucagon responses after water or fat ingestion. Arginine-stimulated insulin secretion was diminished by an average of 50% on the day the subjects drank cream compared with that on the day they had water. Glucagon secretion after arginine was not different during the 2 d of study.
Mean plasma concentrations of insulin during the secretion protocol are given in Table I . Postabsorptive values of insulin on the days of water and fat ingestion were not different (data not shown). Insulin concentrations rose after the intake of fat to levels significantly greater than on the control day. S-28 concentrations increased after ingestion of fat (mean increment at 120 min was 21 pg/ml) to levels twofold greater than basal (Table I) but did not change after water intake. concentrations was less after fat than after water (P < 0.05). As with arginine, insulin secretion was diminished -50% on the day of fat ingestion.
Discussion
These studies address the possible role of S-28 as a physiologic modulator of insulin secretion. We have tested this question by measuring insulin release during (a) infusions of S-28 to mimic levels achieved after the oral intake of nutrient (fat) and (b) postprandial rises of endogenous S-28. The data presented here show that exogenous S-28 significantly inhibited firstphase insulin secretion induced with glucose and that insulin release evoked by first-phase secretagogues was reduced when endogenous S-28 levels were elevated. These results suggest that S-28 may be a physiologically relevant hormone. Previous studies in which somatostatins have been infused into humans to assess their effects on islet function, have used either pharmacologic amounts of S-14 or S-28 (16, 17, 24, 25) , or have not simulated physiologic conditions. Because S- 14 does not rise significantly after meals, the results with infusions of this peptide to match postprandial increases in somatostatin-like immunoreactivity are not physiologically relevant. We used infusions of S-28 calculated to reproduce the circulating levels ofthis peptide measured after ingestion of fat or a mixed meal (14) . We noted some variation in the plasma concentrations of S-28 achieved despite adjusting the infusions for body size, possibly reflecting differences in the clearance of S-28. However, individuals with the highest increments of S-28 after intravenous administration had the greatest attenuation of first-phase insulin secretion. The strong correlation between the decrement in stimulated insulin secretion with increments in S-28 concentrations, which coincide with levels seen after fat intake, is in keeping with the interpretation that insulin release is attenuated by S-28 levels occurring under physiologic conditions.
Ingestion of fat resulted in increases in circulating S-28 similar to those previously described following a mixed meal (14) . We fed fat alone to avoid an elevation of blood glucose and its interaction with "incretins" to stimulate insulin secretion. Accordingly, arginine and secretin rather than glucose were used to stimulate insulin secretion. Nonetheless, small S-28 data from the arginine and secretin protocols are from n = 10 and 6, respectively. * P < 0.05 compared with control.
but distinct increases in basal insulin levels were noted after subjects swallowed cream. This was probably due to the insulinotropic effect of other gut factors stimulated by fat (26) . Despite this, first-phase insulin secretion was decreased with S-28 levels were increased. The concurrence of these results with those of the S-28 infusions suggests that the increase of S-28 causes B-cell inhibition.
Elevations of plasma S-28 did not alter basal or argininestimulated A-cell secretion of glucagon. These results are in agreement with those of in vitro studies which also demonstrate a relatively greater effect of S-28 on pancreatic B cells (15, 19) . Recently, an inhibitory effect ofelevated postprandial S-28 levels on pancreatic exocrine secretion has been reported (P. Hildebrand, unpublished observation), so it is likely that the effects of S-28 released during nutrient absorption are not restricted to the pancreatic B-cell.
During the infusion of S-28 in our subjects, basal levels of insulin were not decreased. Klaff et al. (27) have recently reported similar findings with infusions of S-28 into the canine pancreas which mimic physiologic increases of SLI after nutrients, and concluded that S-28 does not regulate islet cell Lt function in the dog. However, their studies did not test the effects of S-28 on stimulated insulin secretion. As indicated by our results insulin secretion stimulated by arginine, secretin, or glucose was diminished in the presence of elevated S-28 concentrations. Thus, the effect of increased circulating S-28 on B cells was independent of the secretagogue studied, and may reflect a specific inhibitory action on the process of first-phase insulin secretion. Because the experimental design involved only the evaluation of first-phase insulin secretion, we cannot comment on second-phase release. However, it has previously been reported that at supraphysiologic levels S-14 selectively inhibits first-phase insulin release in vitro (28) and we have recently made a similar observation using periphysiologic levels of S-28 in the isolated rat pancreas (Ensinck, J. W., unpublished observation). It is possible, therefore, that S-28 modulates the glucose threshold for the release of the pool of stored insulin which is thought to constitute first phase (29, 30) . The concept and rationale for a "decretin," a nutrientstimulated inhibitor of insulin secretion, is not intuitively obvious. The role of insulin as the cardinal anabolic hormone and its mediation of postprandial nutrient disposal are well established. However, the control of insulin secretion is complex and involves the interplay of a variety of factors. Insulin secretion is only partially dependent on caloric intake (31) and plasma glucose concentrations (32) . Although no single factor yet described totally accounts for the "incretin" effect after oral glucose (26) , it is likely that peptides originating in the gastrointestinal tract stimulate insulin secretion. Cholecyto- kinin potentiates insulin release in the presence ofamino acids (33) , gastric inhibitory polypeptide has a demonstrated glucose-dependent insulinotropic activity (36) , and GLP-1(7-36), a product of pro-glucagon released by ileal epithelium, has potent B-cell stimulatory effects in vitro (35) and in vivo (36) . The interaction of these gut factors with each other and the neural influences on insulin. secretion (37) have not been clarified. In such a complex system S-28 may act to fine-tune insulin secretion, a counterweight to the many B-cell stimuli, particularly during latter stages of absorption where glucose has been assimilated and the need for insulin is waning. It is conceivable that the attenuating effects of S-28 on insulin secretion act to smooth the secretory response and prevent excessive fluctuations in plasma insulin and glucose levels.
In summary, we have shown that after the ingestion of fat there is a rise in circulating S-28 concentrations and an associated decrement in first-phase insulin release. Infusion ofS-28 to similar levels results in comparable inhibition of B-cell secretion. We conclude that the increased levels of circulating S-28 attained during nutrient absorption modulates insulin secretion.
